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Summary
27
Our study investigated the effects of condensed tannins (CT) on rumen in vitro methane 28 (CH 4 ) production and fermentation characteristics by incubating lucerne in buffered rumen 29 fluid in combination with different CT extracts at 0 (control), 40, 80 and 120 g CT/kg DM.
30
Condensed tannins were extracted from 4 sainfoin accessions: Rees "A", CPI63763,
31
Cotswold Common and CPI63767. Gas production (GP) was measured using a fully have been considered as an anti-nutritional factor in animal nutrition (Mueller-Harvey, 2006) .
55
Whether tannins exert positive or negative effects appears to depend on the type and level of 56 tannins in the plants ( Barry and McNabb, 1999; Min et al., 2003) , the amount ingested and 57 the animal species involved (Frutos et al., 2004; Mueller-Harvey, 2006) . It is of note, 
65
Tannins of various origins have been shown to inhibit ruminal CH 4 production either when 66 fed to ruminants as tannin-containing forages (Woodward et al., 2001; Puchala et al., 2005) 67 and as tannin extracts tested in vitro (Tavendale et al., 2005; Pellikaan et al., 2011b; Hassanat 68 and Benchaar, 2013) or fed in vivo (Beauchemin et al., 2007; Animut et al., 2008; Bhatta et 69 al., 2013) . To date, this anti-methanogenic activity appears to be variable and could not be 70 explained by simply grouping the tannins into hydrolysable or condensed tannin types 71 (Bhatta et al., 2009; Pellikaan et al., 2011b) , suggesting that specific chemical structural 72 properties are responsible for their anti-methanogenic activity. However, to our knowledge, 73 limited studies are available focusing on chemical structural composition of CT to elucidate 74 which chemical property is most responsible in reducing ruminal CH 4 production.
76
The objective of this study was to investigate the structural variation of semi-purified 77 condensed tannin extracts which had been obtained from 4 sainfoin accessions on rumen in 78 vitro CH 4 production and fermentation characteristics. We hypothesize that the mean degree 79 of polymerization (i.e. polymer size) of the tannin molecule is the most important property 80 determining its activity to inhibit in vitro CH 4 production.
81
Material and methods
82
Plant samples for preparation of condensed tannin extracts 83 Four sainfoin accessions were selected from the EU 'HealthyHay' sainfoin germplasm 84 collection based on their distinct differences in terms of CT structure (Stringano et al., 2012) .
85
The 4 accessions were: accession number 1165 (Rees "A"), 1123 (CPI63763), 1262
86
(Cotswold Common) and 1127 (CPI63767). The plants were grown at the National Institute 87 of Agricultural Botany (NIAB; Cambridge, UK). Growing conditions and source of seeds material was packed in special bags (Nalgene low density polyethylene bags; 22.9 × 45.7 91 cm), stored at -20 °C, freeze-dried and then ground to pass an 8-mm sieve using an impeller 92 mill (Retsch GmbH, SM1, Haan, Germany), and subsequently ground to pass a 1-mm sieve 93 (Retsch GmbH, ZM 100, Haan, Germany).
94
Extraction of condensed tannins
95
The CT extracts were prepared as described by Stringano et al. (2011) . Briefly, 25 g of 96 ground (1 mm) sainfoin sample was extracted once with acetone/water (200 ml; 7:3, v/v) 
102
Analysis of condensed tannin extracts
103
Condensed tannin extracts were analyzed for CT content and structural properties by thiolysis 104 as described by Gea et al. (2011) . Briefly, freeze-dried extract (4 mg) was weighed into a 105 glass tube and 1.0 ml methanol was added, followed by 50 μl of acidified methanol (3.3 ml 106 concentrated HCl in 100 ml methanol) and 100 μl benzylmercaptan in methanol (5:95, v/v).
107
The reaction mixture was stirred at 40 °C for 30 minutes. The reaction was stopped by 108 cooling in an ice-water bath. Water (250 μl) and then dihydroquercetin in methanol (50 μl; 109 0.047 mg/ml) as the internal standard was added. Samples were then analyzed by high 
131
Rumen in vitro gas and methane production measurements
132
Cumulative gas production (GP) was measured using a fully automated time related GP 133 apparatus (Cone et al., 1996) and CH 4 production at distinct time points as described by , 4, 6, 8, 10, 12, 24, 26, 28, 30, 32, 48, 50, 52, 54 and 72 h) , 10 µl aliquots of the bottles headspace gas were sampled through this opening using a gas tight syringe (Gastight® # 1701 
179
Cumulative CH 4 production was calculated following the procedure described by Pellikaan et openings, respectively; G i+1 , the amount of gas (ml) vented at i+1 valve opening; and n, total 185 number of valve openings.
186
Curve fitting and calculations
187
Cumulative gas and CH 4 production curves were fitted iteratively with a triphasic and 188 monophasic Michaelis-Menten equation (Groot et al., 1996 ; Eq. 5), respectively, using the non-
189
linear least squares regression procedure in SAS (SAS, 2010) .
where OMCV, gas or CH 4 production (ml/g of incubated OM); A, the asymptotic gas 191 production (ml/g of incubated OM); B, time at which half of the asymptotic gas or CH 4 192 production has been reached (t 1/2 , h); C, the sharpness of the switching characteristics of the 193 profile; and t, the time (h).
194
The maximum rate of gas or CH 4 production (Rmax, ml/h) was calculated as described by 
analyzed using an ANKOM2000 Fiber Analyzer (ANKOM Technology Corporation, NY,
211
USA).
212
The VFA sample (750 µl) from each bottle after 72 h incubation was acidified with equal analysis. The VFA concentration was analyzed by GC as described by Taweel et al. (2005) .
215
The VFA concentration in the medium was corrected for the VFA concentration of blank (i.e.
216
rumen fluid plus buffer) and expressed as mM/g of incubated OM.
217
Statistical analysis
218
All duplicate bottles per treatment within run were averaged prior to statistical analysis.
219
Fermentation bottle was considered as an experimental unit. Data were subjected to analysis 
224
(run) as a random effect. Least square means for control and treatments are reported.
225
Treatment effects were declared significant at p ≤ 0.05 and tendency at 0.05 < p ≤ 0.10.
226
Results
227
Chemical composition of lucerne and chemical characteristics of condensed tannins
228
The analyzed organic matter (OM) content of lucerne was somewhat lower than the expected.
229
Since GP, CH 4 production and kinetic parameters were expressed per unit of OM for all 230 treatments, the lower OM content of the lucerne does not affect differences between 231
treatments. There was a large variation in CT average polymer sizes (mDP) among the 4 CT 232 types but much less variation in content, PC:PD and cis:trans ratios (Table 1 ). The mDP 
237
Effect of condensed tannins on total gas and methane production 238
Cumulative gas (ml/g of incubated OM) was reduced by the type and level of CT compared 239 with the control (Table 2) . A linear (p < 0.001) reduction was observed with increasing CT 240 level for all CT type after 72 h. On average less gas was produced by inclusion of CT from 
246
The effect of CT on CH 4 production is presented in Table 3 . Condensed tannins from
247
CPI63767 were the most effective in reducing CH 4 production followed by CT from when CT was added at 80 g CT/kg substrate DM.
270 Table 4 presents a set of substrate fermentation kinetic parameters. Asymptotic GP for the increasing CT level from CPI63767 caused a higher reduction (p < 0. 
321
The CT used in the present study consisted mainly of prodelphinidins and a wide polymer 322 size (mDP values) ranging from 13 to 73 (Table 1) . However, the literature contains 
356
The ratio of CH 4 to total gas is an important indicator of the potential amount of CH 4 357 produced per unit OM degraded. The proportion of CH 4 in the total gas on average declined from 18.6% to 11.4%; a reduction of 39% (control vs. 120 g CT/kg of substrate DM; Table   359 3 (Table 3) . However, at increasing CT levels CH 4 production was inhibited.
367
This is in consistence with a meta-analysis conducted by Jayanegara et al. (2011) rumen (Hassanat and Benchaar, 2013; Getachew et al., 2008; Waghorn and Shelton, 1997) .
420
The iso-acids VFA arise almost exlusively from the oxidative deamination of amino acids. In 421 addition, these branched-chain VFA production also decreased linearly as CT level increased 422 and becomes negative when CT were added at higher concentration ( Table 5 ), indicating that Moreover, the effect observed on protein fermentation as indirectly evidenced by a change in
431
VFA composition favoring a shift towards propionate and reduction of branched-chain VFA 432 (Table 5) is consistent with a recent in vivo study on sainfoin of Aufrére et al. (2013) , who reported that sainfoin CT generated rumen-escape protein and enabled better utilization in 434 the small intestine and higher N retention as the dietary proportion of sainfoin was increased.
435
Conclusion
436
Condensed tannins obtained from sainfoin accessions are promising for reducing rumen CH 4
437
production. There were significant differences in the anti-methanogenic activity among the
438
CT extracts, which could be attributed to differences in tannin polymer size (mDP values). Multiphasic analysis of gas production kinetics for in vitro fermentation of ruminant feeds. 
